Among the factors that may affect H-bond strength, the effect of the molecular ionization has not received any considerable attention. Here, malonaldehyde and its cation-radical as models were studied using DFT (B3LYP) and ab-initio theories (HF, MP2, and CCSD(T)). Based on establishing a comparison with the CCSD(T)/CBS energy barrier (from literature), we have found that the CCSD(T)/D95(d,p)//B3LYP/6-31G(d,p) computational protocol can be used as a reference for evaluating performance of the B3LYP and the MP2 methods on this model. In this computational organic chemistry study several aspects were investigated, they are: structures, energies, natural population analysis (NPA) charges, intramolecular charge transfer (delocalization) energies, and atoms in molecule (AIM) electron densities with regard to the Hbonding. The results indicate that loss of an electron can cause considerable effects on the various electronic structure aspects and the details are presented and discussed. All the aspects confirm that ionizing the molecule disturbs the electron density distribution in the HOMO orbital and makes the two oxygen atoms, relatively, electron deficient centers which consequently weakens both the H1-O1 bond and the O2/H1-O1 H-bond. The details of this investigation are new addition to the hydrogen bond theory. Other types of molecular models and computational protocols are of interest for future investigations.
Introduction
In chemical and biological systems, at the molecular level, hydrogen bonding may play important role. [1] [2] [3] Malonaldehyde has been studied extensively as a hydrogen bond model due to its relation to biological systems and to its own fundamental molecular characteristics. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] It can form symmetrical transition state during the proton transfer between the two oxygen atoms exhibiting the C2v point group while it is completely planar in the ground state enol tautomer (Cs point group).
Therefore, it has symmetrical double well potential energy surface during the tautomerism process. One characteristic feature of malonaldehyde and similar 1,3-dicarbonyl structures is the low activation energy that is accompanied with the proton transfer process. This phenomenon is usually attributed to the nature of the conjugated molecular system and described as resonance assisted hydrogen bond (RAHB).
During the transition state the transferring proton has weaker bond with the oxygen atom but at the same time the partial decoupling between the proton and the oxygen atom induces better overlapping among the orbitals of the conjugated atoms. [17] As a result, the resonance stabilization energy becomes larger.
Many theoretical investigations focused on this aldehyde, mostly, in the last two decades [18] [19] [20] [21] [22] [23] [24] . Most prominently is the work of Bowman and co-workers. [24] Among the outstanding features of the work, they presented the most accurate transition state energy barrier for this compound in the gas phase which is equal to 4.09 kcal/mol. This value was calculated using the CCSD(T) at the complete basis set limit.
Due to the importance of the hydrogen bond in chemical and biological systems the factors that may affect the electronic structures and the hydrogen bond strength continue to attract attention from both pure and applied points of view. However, effect of loosing an electron to produce radical cation has not received any considerable attention. In this regard, we investigated the effect of ionizing malonaldehyde (as a model structure) on its properties. We adopted Bowman's energy barrier of malonaldehyde (4.09 kcal/mol) [24] as a standard value in searching for a less expensive basis set along with the CCSD(T) level of theory, to be used as a reference in studying the malonaldehyde radical cation along with popular computational methods.
Computational Methods
The B3LYP hybrid functional, [25, 26] the second-order Møller-Plesset (MP2) perturbation theory, [27] and the coupled cluster single and double excitations including the triple excitations non-iteratively (CCSD(T)), [28] and selected standard basis sets were employed in this study as implemented in Gaussian03 suit of programs. [29] The structures were optimized at the B3LYP/6-31G(d,p) level of theory, and the resulting frequencies are positive values, which indicates that each is a true minimum. The atomic charges and the charge transfer (delocalization) energies (between bonding and antibonding orbitals; E(2)) were calculated using the implemented NBO program. [30] The electron densities at the bond critical points (BCP) were calculated using the implemented AIM (atoms in molecules) program. [31] [32] [33] ChemCraft graphic interphase was used to generate the Cartesian coordinates and to read the output files. In this research, Mal and Mal-TS refer to malonaldehyde and the transition state that result from transferring the proton between the two oxygen atoms, and similarly, the Mal-RC and the Mal-RC-TS refer to the radical cation of malonaldehyde and its transition state ( Figure 1 
Results and Discussion
The Structures In general for the geometries of the minimum structures and the transition states (Table 2) , we find that the B3LYP/6-31G(d,p) (95 basis functions) level of theory (Table   1 and 2) can produce structural parameters similar to that produced by B3LYP/DZP++ (119 basis functions) and even closer to the very high theory level, the CCSD(T)/cc-PVQZ calculations. Therefore, the popular B3LYP hybrid functional can be used along with the implemented standard 6-31G(d,p) basis set and can be applied to larger structures to produce acceptable geometries at a lower cost. Hence, the B3LYP/6-31G(d,p) geometries were adopted for the consequent analysis.
In table 1, the ∆SP is the difference between the neutral malonaldehyde (Mal) and the catio-radical (Mal-RC) structural parameters, the positive value means an increase and the negative value means a decrease in the related structural parameter.
The most distinguished result is the change in the C1=C2 bond length (∆SP= 0.073 Å).
This may suggest that the electron is lost mainly from this location and caused a decrease in the bond order and consequently an increase in the bond length.
Secondly, the observed change in the O1-C1 bond length ((∆SP= -0.050 Å), which is attributed to the enhanced overlap between the O1 lone pair and the electron deficient C1=C2 center. On the other hand, it is noticed that the C2-C3 bond length increases in Mal-RC (∆SP= 0.035 Å), which is another important indicator and means that the charge delocalization that takes place from the C2=C3 π-bond toward the C3=O2 π-bond by resonance vanishes as the structure becomes cationic and C2=C3 becomes electron deficient.
The observed decrease in the O1/O2 distance implies that the electrostatic repulsion between the two oxygen atoms decreased, which allows O2 to become closer to the H1 atom. Ionizing malonaldehyde causes an increase in the H1-O1 bond length, which indicates that this bond becomes weaker and implies that this bond becomes more polarized under the inductive effect of the O1 atom. The increase in the H1-O1-C1 angle is a definitive indicator that the O2/H1-O1 hydrogen bond is weaker in Mal-RC, which allows predicting that the O2 atom is affected too by the molecular positive charge and has less electron density compared to the O2 atom in Mal.
Consistent with these results, it is obvious that the H1-O1 bond and the O2/H1-O1 hydrogen bond are weaker in the transition state of Mal-RC (Mal-RC-TS) with respect to Mal-TS, as can be deduced from the O1/O2 (∆SP= 0.012 Å), the H1-O1
(∆SP= 0.012 Å), and the H1-O1-C1 (∆SP= 3.6˚) data ( Table 2 ). 
CCSD(T) Reference Protocol
Optimizing a structure using the CCSD(T) method, in comparison with the B3LYP hybrid functional, can be very expensive. On the other hand, the less expensive approach is to use the B3LYP geometry to obtain a single point energy using the CCSD(T) method. However, caution should be taken because this is not a straight forward step and the standard basis sets may not produce the desired accuracy as might be expected. At this stage, the effort was devoted for finding a basis set among the popular basis sets that may be applied routinely to small and medium size molecules (if the computational resource may allow).
The results of the proton transfer barrier height (between O1 and O2) are presented in table 3. The |∆∆Eb| is the absolute differential values with respect to the barrier height that was calculated by Bowman and co-workers (4.09 kcal/mol) [24] using the CCSD(T) at the complete basis set (CBS) limit. As can be seen, the DunningHuzinaga full double zeta basis set [35] with "d" and "p" polarization functions exhibits the best performance with very small deviation (|∆∆Eb|= 0.15 kcal/mol.). Trying larger basis sets will cause a large increase in the computational cost for a very small increase in the acquired accuracy. Therefore, the CCSD(T)/D95(d,p)//B3LYP/6-31G(d,p) computational protocol is used as a reference for evaluating the B3LYP and the MP2 results. The Energies Table 4 presents the energies of the enol, the transition state and the open form of the enol, obtained from the five methods. The ∆Eb is the activation energy or the barrier height for the H1 transfer process between the two oxygen atoms. The ∆Eh is the hydrogen bonding molecular stabilization energy, which is the molecular stability that is lost due to breaking the O2/H1-O1 hydrogen bond by converting the enol to the open form. [36] The values between parentheses show the difference from the CCSD(T)/D95(d,p) data.
As can be seen in the values between parentheses, the MP2 method can predict closer "molecular energy of formation" to that of CCSD(T)/D95(d,p). It is obvious that the Hartree-Fock method gives lower and unacceptable overall performance therefore it was eradicated from studying the electronic structure properties. The B3LYP hybrid functional underestimates the barrier height (∆Eb) of malonaldehyde (Mal) while it gives good result for the cationic structure (Mal-RC).
Regarding the ∆Eh of "Mal", the B3LYP method shows significant improvement by adding the diffusion and the polarization functions (6-31G(d,p) to 6-31++G(3df,3pd)). In case of "Mal-RC" (Table 5) , this functional could give good result with the 6-31G(d,p) basis set. On the other hand, the MP2 method has similar performance (compared to B3LYP) for "Mal" while it shows erroneous ∆Eb for "Mal-RC" and less performance for the "Mal-RC". In summary, in case the CCSD(T) method is not affordable the popular B3LYP hybrid functional can give, at least, qualitatively acceptable result in studying a molecular structure including intramolecular hydrogen bonding. The natural bond orbital method is an easy access and can give direct evaluation of the relative hydrogen bond energy. The data presented in table 6 are the charge delocalization (transfer) energy due to the interaction between the O2 electron lone pair and the anti-bonding orbital of the H1-O1 bond. Qualitatively, both the B3LYP hybrid functional and the MP2 method give results consistent with the trend that is observed in the CCSD(T)/D95(d,p) results, however, the MP2 values are closer. In general, the data illustrates that the O2/H1-O1 hydrogen bond energy in "Mal" and "Mal-TS" is larger than that in "Mal-RC" and "Mal-RC-TS", respectively. This illustrates that the electron deficient skeleton (Mal-RC and Mal-RC-TS) has lower capability of donating and sharing electron density with H1. It is obvious that in each transition state the H1 atom is involved in a very strong hydrogen bonding.
The O2/H1-O1 Charge Delocalization Energy (transfer; E(2))
The Natural Population Analysis (NPA) The atoms that have larger charge are capable of being involved in larger charge delocalization and consequently in stronger hydrogen bonding. Table 7 presents the atomic charges of the H1 and the O2 atoms calculated using the four methods. The weaker O2/H1-O1 hydrogen bond (Table 4, 
Atoms In Molecules (AIM) analysis
Bond critical point (BCP) is the electron density at the midle point between two bonded atoms. Koch and Popelier illustrated in their work [37] that a hydrogen bond as a dipole-dipole interaction can be strong enough to have some electron density (0.002-0.04 a.u.) between the hydrogen bond donor and the hydrogen bond acceptor. In addition to that they found that when the BCP value is larger than 0.04 (a.u.) then the interaction has a covalent nature. As can be seen in table 8, the BCP values of the O2/H1 pairs in the four structures are larger than 0.04 (a.u.) and therefore each has a covalent character.
The BCP correlates directly with the bond order, meaning, increasing the BCP does necessarily mean a higher bond order. Table 8 Å. This is consistent with the notion that decreasing the distance between to atoms concentrates the electron density at the bond critical point. Consistent with this observation is the bond order in the transition state, in Mal-TS it is equal to 0.4501 (O1/O2 distance= 2.370 Å) while in Mal-RC-TS it is equal to 0.4323 (O1/O2 distance= 2.382 Å). However, it is necessary to keep in mind that higher BCP of O2/H1 in Mal-RC does not essentially mean larger hydrogen bond stabilization energy (molecular stabilization energy), as can be inferred from the energy calculations. Two points should be taken into consideration, they are: 1) a hydrogen bond is an electrostatic interaction in origin with electron density delocalization which gives it the covalent bonding character and, 2) the natural population analysis atomic charges. Hence, this unique phenomenon can be explained as the following: the electron density (charge) of the two oxygen atoms decreases in "Mal-RC" (Table 7 ) and consequently the electrostatic repulsion between them decreases, which allows O2 (with its electron density) to become closer to H1 resulting in higher BCP density but at the same time the sum of the absolute charge values of O2 and H1 in "Mal-RC" is equal to 1.066
while in "Mal" is equal to 1.303 therefore, the net electrostatic interaction (and consequently the H-bond) between O2 and H1 in "Mal-RC" is less than that in "Mal". 
Infrared Stretching Frequencies
In general, loss of one electron from a conjugated molecule means that the bonding electrons become less. As a result and because the molecular orbitals are delocalized, this may cause a decrease in the bonding order over the entire molecular system, unless the electron is lost from a high energy non-bonding orbital.
It is noticed ( Table 9) 
Conclusion
Several points are summarized as the following: 4. The structural parameters, the energy calculations, the charge delocalization (transfer, E(2)) energies, the natural population analysis charges (NPA), and the infrared stretching frequencies indicate that ionizing malonaldehyde (Mal) will convert the main skeleton to electron deficient skeleton which, as a result, forces it to decrease the electron density in the H1-O1 bond and also decreases the O2/H1-O1 hydrogen bond energy. On the other hand, the Atoms In Molecules (AIM) analysis shows that despite the resulting decrease in the O2/H1-O1 hydrogen bond the bond critical point (BCP) electron density between O2 and H1 in malonaldehyde cation-radical (Mal-RC) is higher than the observed value in the neutral structure (Mal), an interesting observation and a unique phenomenon that can be related directly to the unexpected shorter O2/H1 distance in Mal-RC and to the observed variations in the atomic charges.
